The mechanisms of orientation of columnar liquid crystals (LCs) on PTFE-rubbed surface are explored on a homologous series of symmetrically-substituted poly(di-n-alkylsiloxanes) (PDAS). It is shown that by increasing the side-chain length in steps of one CH2 group the orientation of PDAS switches back and forth from perpendicular to parallel with respect to PTFE chains. These changes sensitive to the smallest possible variation of the macromolecular structure (i.e., modification of the side chain length by just one CH2 group) reflect the change of the alignment mechanism identified as grapho-epitaxial or epitaxial for the perpendicular and parallel orientation, respectively. The results show that two orthogonal LC orientations are realizable on the same rubbed substrate, which can open new perspectives in the field of organic and printed electronics such as multi-domain LCD technology.
Control of the liquid crystals' (LCs) orientation is essential for a variety of practical applications such as liquid crystal displays (LCD), 1 field-effect transistors, 2 optically active coatings and sensors. 3, 4 The LCD market has fully appreciated the advantages of LC state of matter combining order and mobility that allow for low-power consumption, high efficiency, low cost and device compactness. A uniform LC alignment can be induced with the help of inhomogeneous surfaces 5 , patterned substrates [6] [7] [8] [9] , a variety of external fields (e.g. magnetic 10, 11 , electric 12 or mechanical 13 ) or by using porous templates. 14, 15 Among other alignment methods, buffing of the substrate coated with a polymer has attracted a particular attention for its relative simplicity and low cost. This LC alignment method has been adopted industrially and is extensively used in fabrication of optical and polarizing films and LCD displays. Despite intense research efforts, the detailed mechanism of the LC alignment by polymer buffing is still a matter of debate. 16 According to the literature, the most probable explanation is the existence of microgrooves created while buffing the polymer surface. 6, 7, 17 In the other words, orientation of the LC phases occurs via graphoepitaxy. This method has also several disadvantages such as sensitivity to scratches on the alignment surface, dust generation from cloths or synthetic fibers and static electricity resulting in display defects. 18, 19 A promising way to prepare highly-oriented and molecularly smooth semicrystalline polymer layers on rubbed polytetrafluoroethylene (PTFE) was proposed by Wittmann and Smith. 20 Rigidity, stability and high melting temperature of PTFE could potentially make this method efficient for optical LC films including displays. Yet, up to date the literature reports concerned almost exclusively semicrystalline polymers and low-molecular-weight organic crystals epitaxially grown on PTFE-rubbed substrates. [21] [22] [23] In most cases the thin-film alignment was explained by the lattice matching in the contact planes of the growing crystal and PTFE. Generally, molecular epitaxy is a well-studied phenomenon for conventional solid crystals, but, to the best of our knowledge, was only scarcely discussed for LC phases. Thus, the alignment mechanism similar to that known for 3D crystals was suggested for smectic and nematic LCs based on optical microscopy data. 24 However, no information about lattice mismatch of the polymer substrate and deposited LC has been provided.
In this study, we show that the mechanism of spontaneous orientation of columnar LC polymers on PTFE-rubbed substrates can alternate between molecular epitaxy and grapho-epitaxy. To explore the mechanisms of the LC orientation, we use a unique homologous series of main-chain columnar poly(di-nalkylsiloxane)s (PDAS) with n ranging from 2 to 6. 25 By increasing the length of the alkyl side chain of these symmetrically-substituted PDAS in steps of one CH2 group, we explore in detail the impact of the mismatch between the LC lattice and PTFE-rubbed surface on the polymer orientation. For the sake of comparison, the molecular orientation is also addressed for PDAS embedded in nanoporous templates in which no epitaxial interaction is expected. Figure 1 . Top: schematic representation of the two mutually orthogonal orientations of the PDAS backbones on a PTFE-rubbed substrate, which are due to the grapho-epitaxial () and epitaxial (‖) orientation mechanisms. Bottom: 2D GIWAXS patterns of PDES (A), PDPS (B), PDBS (C), PDPenS (D) and PDHS (E) thin films deposited on PTFE-rubbed surface measured in the machine (MD) and transversal (TD) directions. AFM Tapping Mode micrographs of PDES (F), PDPS (G), PDBS (H), PDPenS (I) and PDHS (K) showing lamellae (needle-like objects) grown on a PTFE-rubbed surface. The PTFE rubbing direction is close to horizontal (indicated with the white arrow). The orientation of the backbones is indicated for each of the studied PDAS with respect to PTFE chains. All measurements were conducted at room temperature except GIWAXS for PDPS, which was performed at 90 °C.
The polymer film texture is studied with a combination of grazing-incidence and micro-focus X-ray diffraction (GIXD and µXRD, respectively) and Atomic Force Microscopy (AFM).
The family of liquid-crystalline PDAS starts with poly(diethylsiloxane) (PDES, n=2) because PDMS is semicrystalline. PDES has a mesophase stability window from -10 to 53 °C (cf . Table S1 ); it forms tapered-edge lamellae that have been described elsewhere. 26 An AFM micrograph of PDES on a PTFE-rubbed substrate shows well-oriented lamellae with their long axis parallel to rubbing direction (cf. Figure 1F ). Taking into account that polymer chains are perpendicular to the long lamellar axis, [28] the PDES backbone is therefore perpendicular to the rubbing direction. This is confirmed by GIXD in the machine (MD) and transversal (TD) directions (cf. Figure S1 ), where MD corresponds to the rubbing direction and TD is perpendicular to it. In the MD pattern, the maximum intensity of 10 peak of a hexagonal mesophase is positioned on the meridian (cf. Figure 1A) , whereas in the TD pattern, the 10 reflections with equal intensities are observed at 60 ° with respect to each other. This provides evidence that (hk) plane of the hexagonal PDES lattice is parallel to rubbing. The resulting PDES film structure is schematically depicted in Figure 1 (top left). It is thus clear that orientation of PDES is defined by substrate topography and not by mismatch of the unit cells, which means that it is the case of graphoepitaxy. 
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When one methylene group is added to the side chain, i.e. one passes from PDES to poly(dipropylsiloxane) (PDPS, n=3), 27 ,28 the backbone orientation changes by 90 ° and becomes parallel to rubbing. 26 This can be concluded from the corresponding GIXD pattern (cf. Figure 1B) . The increase of the intercolumnar distance from 9.3 to 11.2 Å is in line with expansion of the PDPS column diameter compared to PDES (cf. Table 1 ). The orientation of PDPS is preserved upon crystallization, as can be seen from the room-temperature AFM micrographs showing lamellae oriented perpendicular to the rubbing direction (cf. Figure 1G) . Therefore, the PDES and PDPS orient differently on PTFE, as schematically depicted in the top right panel of Figure 1 .
/90 (denoted as PDHS) exhibit LC state over a wide temperature range including room temperature (cf . Table S1 ). For PDBS with n=4 the columnar diameter increases to 10.65 Å while the orientation of the chains on the PTFE-rubbed substrate is kept the same as for PDPS (cf. Figure 1C,H) . Further increase of n to 5 results in a backward switch of orientation. Despite the fact that the corresponding AFM images reveal numerous defects in the film organization, the PDPenS lamellae orientation is clearly visible (Figure 1I ). The 2D GIWAXS patterns show that the majority of the lamellae are aligned perpendicular to the rubbing direction (Figure 1D) , similarly to the case of PDES. At the same time, the X-ray measurements confirm the existence of orientational defects visualized on the AFM micrographs (see SI for more details). By increasing the side-chain length further (the case of PDHS, n=6), the columnar orientation does not vary anymore, according to X-ray diffraction (cf. Figure 1E ) and AFM (cf. Figure 1K) .
The behavior of PDAS deposited on PTFE-rubbed surfaces can be rationalized in terms of the mismatch between the unit cell parameters of the contact planes. PTFE forms hexagonal phase at room temperature, the so-called phase IV (a = b = 5.6 Å, c = 19.5 Å; helix 157). [29] The analysis of the unit cell mismatch calculated for the form IV crystal of PTFE is given in Table 1 . One can see that the backbones of PDAS and PTFE are parallel for the PDAS having the smallest lateral mismatch (˂= 7.8 %). Due to conformational defects in PDAS (conformationally-disordered mesophase) the register between the cparameters of the unit cells can be disregarded. For the other three samples, i.e. PDES, PDPenS and PDHS, the preferential orientation on PTFE is perpendicular to the rubbing direction and was qualified as grapho-epitaxy. Noteworthy, AFM experiments performed on PDES have shown that the high quality orientation induced by PTFE rubbing can be maintained up to the film thicknesses of approximately one micron. b)
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The mismatch values take into account the temperature effect of LC phase and thus correspond to the temperature at which the samples were analyzed.
To further explore such alteration between molecular epitaxy and grapho-epitaxy, we studied orientation of PDES embedded in inorganic nanoporous templates in which the epitaxial interaction with the substrate can be excluded. Geometrical constraints imposed by the pore walls of the template can Figure 3 . Schematics of the two mechanisms of the LC alignment in a series of model poly(di-n-alkylsiloxanes) PDAS: grapho-epitaxy (left) and molecular epitaxy (right). Addition of one CH2 group to the side chain can change the macromolecular orientation by 90 degrees. Example of a multi-domain colour LCD where each pixel contains domains oriented according to the mechanisms of true molecular epitaxy and grapho-epitaxy. Such technology does not require buffing of the substrate for LC alignment and allows wider viewing angels.
efficiently confine semicrystalline polymers and discotic molecules. 14, 30, 31 An anodic aluminum oxide (AAO) membrane can be used as a model support to induce LC alignment. We performed µXRD scans across the AAO membrane (i.e., along its thickness axis) with 200 and 35 nm-sized pores impregnated with PDES sample, as shown in Figure 2 . The 2D µXRD patterns corresponding to free PDES film on top of the membrane and to that located inside the 200 nm pores are exemplified on Figure 2E (top and bottom left) . The diffractogram corresponding to position of 50 μm along the thickness axis shows the 10 reflection corresponding to the intercolumnar distance of 9.3 Å located on the meridian of the pattern. Such orientation is similar to the one found above in thin films on PTFE-rubbed surface and can be viewed as the conventional in-plane orientation of PDES with 10hex vector normal to the substrate (cf. Fig. 2A) . 26 For PDES within the pores, the diffraction pattern is similar (cf. Figure 2B) , which means that the molecular layers in the pore are preferentially in register with the PDES in the top layer. Therefore, for such a large pore diameter the interaction of the PDES with the pore walls is likely to be less important than the one with the PDES in 
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the top layer. However, when the pore size is decreased to 35 nm one observes inside the pores a six-spot pattern with diffraction peaks situated at 60° with respect to each other. A typical 2D diffractogram corresponding to a PDES film is shown on Figure 2E (bottom right). Such pattern prompts us suggesting that the grapho-epitaxy with the pore walls takes place. This means that now the conventional in-plane orientation is realized with the pore walls while the epitaxy with the PDES in the top layer is broken. In this case the mesomorphic lamellae grow strictly along the pore axis direction, i.e. with one of the 10hex vectors of the columnar phase oriented perpendicular to the pore axis (see Figure 2B-C) . Noteworthy, the same grapho-epitaxial orientation was also obtained for other polymers of the poly(di-n-alkylsiloxane) family, i.e. for PDPS, PDBS, PDPenS and PDHS. The main conclusion of this part of the study is that grapho-epitaxial interactions cause the mesomorphic lamellae orientation along the dominant topography features (i.e., grooves) similarly to the case of PDAS on PTFE-rubbed substrates when the lattice mismatch is above ca. 7.8 %.
Taking into account that there is a high demand for new alternative methods of LC layer alignment for organic electronics and, in particular, for the LCD technology [32, 33] , the reported alternating alignment mechanism of the model columnar LCs could be of potential interest to fabricate multi-domain LCD that have superior properties with respect to the traditional twisted-nematic (TN) LCDs. Various approaches have been reported to achieve a multi-domain alignment (MDA) including polymerization of reactive mesogen 18 or inkjet-printed micro-protrusions, [34] however, they are rather complex and challenging for the upscaling. Figure 3 shows a hypothetical example of a LC-based display with three pixels and RGB filters where each color pixel contains 2 subpixels with two mutually orthogonal LC orientations. Each subpixel could be deposited using inkjet printing. With the tendency of increasing the number of pixels per unit of display area, the future challenge could be to keep the LC orientation whilst moving from micro-to nanoscale. Importantly, in this case, the induction of two mutually orthogonal LC orientations becomes possible on the same rubbed substrate, which can facilitate the fabrication procedure and open new perspectives in the field of organic and printed electronics.
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